We investigated diurnal and seasonal changes in carbon acquisition and partitioning of recently assimilated carbon in fast-and slow-growing families of loblolly pine (Pinus taeda L.) to determine whether fast-growing families exhibited greater carbon gain at the leaf level. Since planting on a xeric infertile site in Scotland County, NC, USA in 1993, five Atlantic Coastal Plain (ACP) and five "Lost Pines" Texas (TX) families have been grown with either optimal nutrition or without fertilization (control). In 1998 and 1999, gas exchange parameters were monitored bimonthly in four families and needles were analyzed bimonthly for starch and soluble sugar concentrations. Although diurnal and seasonal effects on net photosynthesis (A net ) and maximum rate of light-saturated photosynthesis (A max ) were significant, few family or treatment differences in gas exchange characteristics were observed. The A net peaked at different times during the day over the season, and A max was generally highest in May. Instantaneous water-use efficiency (WUE i ), derived from gas exchange parameters, did not differ among families, whereas foliage stable isotope composition (δ 13 C) values suggested that TX families exhibited lower WUE than more mesic ACP families. Although there were no diurnal effects on foliar starch concentrations, needles exhibited pronounced seasonal changes in absolute concentrations of total nonstructural carbohydrates (TNC), starch and soluble sugars, and in partitioning of TNC to starch and sugars, mirroring seasonal changes in photosynthesis and shoot and root growth. In all families, foliar starch concentrations peaked in May and decreased to a minimum in winter, whereas reducing sugar concentrations were highest in winter. Some family and treatment differences in partitioning of recently assimilated carbon in needles were observed, with the two TX families exhibiting higher concentrations of TNC and starch and enhanced starch partitioning compared with the ACP families. We conclude that growth differences among the four families are not a function of differences in carbon acquisition or partitioning at the leaf level.
Introduction
Net photosynthesis (A net ) of a forest canopy is one of the principal processes determining net forest carbon gain, storage and productivity. Despite considerable efforts, the degree of genetic control over A net and the associated variation in growth or productivity are poorly understood in field-grown trees (Bongarten and Teskey 1987 , Major and Johnsen 1996 , Svensson 1996 . Recent field studies undertaken to determine the physiological basis for observed genetic differences in growth of trees and genetic × environment interactions using photosynthetic gas exchange, water relations and leaf carbon isotope discrimination have met with limited success (Major and Johnsen 1996 , Svensson 1996 . When photosynthesis has been related to growth, it is usually because estimates of leaf area, or other aspects of light interception (e.g., leaf orientation and morphology), have been incorporated for scaling purposes (Bongarten and Teskey 1987 , Michael et al. 1990 , Wang et al. 1995 , Major and Johnsen 1996 . However, there is evidence of strong correlations between genetic variation in A net and growth under environmental stress, e.g., drought (Major and Johnsen 1996) , in seedlings, and when seasonal (Boltz et al. 1986 ) and diurnal patterns in carbon acquisition and partitioning (at the leaf level) are closely examined.
Because loblolly pine (Pinus taeda L.) has a wide geographic distribution, it is common to find significant genotypic variation in growth, particularly between ecotypes adapted to xeric and mesic soils (Bongarten and Teskey 1987) . Loblolly pine seedling studies have associated yield variation with photosynthesis, water-and nutrient-use efficiency, and aspects of aboveground biomass partitioning (e.g., Bongarten and Teskey 1987 , Seiler and Johnson 1988 , Li et al. 1991 , Greenwood and Volkaert 1992 . However, similar field evidence associating genetic variation in productivity of larger trees with A net is lacking. The "Lost Pines" Texas provenance from Bastrop, Fayette and Caldwell Counties (van Buijtenen et al. 1976 ) is drought hardy and is generally described as slower growing than its more mesic Atlantic Coastal Plain counterparts. Seedling studies suggest that its drought hardi-ness is more a function of drought avoidance mechanisms than drought tolerance mechanisms because (1) rapid transpiration occurs when water is available, but water is conserved during stress, (2) root systems are deep with wide-ranging laterals and (3) needles are small with deep stomatal pits and few stomata per unit leaf surface (van Buijtenen et al. 1976 , Bilan et al. 1977 . It is not known whether the slow growth of fieldgrown trees is associated with these drought avoidance mechanisms, in particular, with gas exchange characteristics.
We investigated genetic, seasonal, diurnal and fertilizer effects on carbon acquisition and partitioning of recently assimilated carbon in fast-and slow-growing families of loblolly pine from a 5-year-old plantation in Scotland County, NC, USA. Specifically, we determined whether (1) fast-growing families exhibited greater carbon gain at the leaf level than slow-growing families, (2) fast-and slow-growing families partitioned recently assimilated carbon differently in needles and (3) Texas families exhibited higher water-use efficiencies than Atlantic Coastal Plain families. Gas exchange characteristics were monitored during both a wet and a dry year.
Materials and methods

Study site
The 11-ha study site, neighboring the Southeast Tree Research and Education Site (SETRES, see Albaugh et al. 1998) , is located in the Georgia-Carolina Sandhills in Scotland County, NC, USA. The soil is sandy, excessively drained, infertile and acidic (pH = 4.6). Mean annual precipitation is 1200 mm and yearly temperature is 17°C (26°C in summer and 9°C in winter). Precipitation differed significantly during 1998 and 1999. Annual precipitation for 1998 and 1999 through September was 1115 and 772 mm, respectively.
From November 1993 to March 1994, loblolly pine seedlings were planted in 10 replicated blocks with a split-plot design. Nutritional treatment was the main plot (optimal fertilization and unfertilized or control) and provenance was the sub-plot (North and South Carolina Atlantic Coastal Plain (ACP) provenance, and a drought-hardy Texas (TX) provenance from the "Lost-Pines" area, McKeand et al. 1999) . Each provenance consisted of five open-pollinated loblolly pine families, with 10 rows of 10 trees planted in each family plot at 1.5 × 2 m spacing. Optimal fertilization has been maintained yearly on one-half of each block by determining annual foliar nutrient ratios (Hockman and Allen 1990) . In the present study, only the fastest-(ACP-1 and TX-1) and slowest-growing (ACP-2 and TX-2) families from each provenance were selected based on evaluation of aboveground height growth of 4-year-old control trees (McKeand et al. 1999) . We also focused our analysis on three blocks (Retzlaff et al. 2001) . During each sampling period, the orders of sample collection from the three blocks, treatment within each block, and row within each family plot were randomly selected. The same row was sampled in all three blocks.
Gas exchange and water-use efficiency
During the 1998 and 1999 growing seasons, diurnal changes in gas exchange parameters were monitored bimonthly (LI-6400, Li-Cor, Lincoln, NE); however, in May and September of 1999, only light-saturated maximum photosynthesis (A max ) was measured. Gas exchange data for each block were collected on three consecutive days from needles on south-facing branches exposed to full sunlight in the upper third of the tree canopy. With the exception of the May 1999 sampling, all needles were at least 80% of their final length. Because of the large sample size and inaccessibility of needles, all gas exchange measurements were made on detached needles within 4 min of needle collection. Once removed, needle fascicles were immediately placed upright in a glass vial containing distilled water, and gas-exchange rates were determined. Gas-exchange rates were unaffected by using detached needles within 4 min of collection. Preliminary tests at various times throughout the day indicated that there were no changes in water relations within the 4-min measuring period with the resolution of our equipment. Other studies have found a similar insensitivity of loblolly pine to short-term changes in VPD, and have used excised needles to measure gas exchange rates (e.g., Samuelson et al. 1992 , Porte and Loustau 1998 , Samuelson 2000 . All gas exchange measurements are expressed on a total surface area basis. Needle width was measured with an optical micrometer and needle area was calculated from length and radius of all needles in the cuvette . Needles from the current flush (usually Flush 1 in the current year) were removed, and needles from the previous year (Flush 1 or the healthiest flush if multiple flushes existed) were also removed if present.
During measurements, the reference CO 2 concentration (400 ppm for diurnal and 385 ppm for A max ) was maintained in the cuvette with an external CO 2 source; photosynthetically active radiation (PAR) and relative humidity were adjusted to approximate mean light and humidity values for that interval period. For diurnal measurements, two trees from each family plot were selected and four to six measurement intervals were conducted depending on day length. Light-saturated maximum photosynthesis was determined on four to six trees from each family plot using 1800 µmol m -2 s -1 of PAR between 0900 and 1300 h in May and September of 1999. Light-saturated maximum photosynthesis data for months other than May and September 1999 were the composite of diurnal A net data from all intervals before 1300 h exhibiting maximum daily PAR flux densities. Instantaneous water-use efficiency (WUE i ) was calculated as A net divided by stomatal conductance, g s .
Long-term WUE was assessed by stable carbon isotope composition (δ 13 C) measurements. Needles were removed from an upper-canopy branch adjacent to the branch used for gas exchange measurements. Needles were placed immediately on dry ice and stored at -70°C until freeze-dried. 
Diurnal carbohydrate analysis
Current-and previous-year needles were removed for carbohydrate analysis from the same trees used for gas exchange measurements. Needles were selected from an upper-canopy branch of two trees per family plot. Four fascicles were removed over a 24-h period at dawn, dusk and the following dawn. Preliminary experiments indicated that between-branch variability in total needle nonstructural carbohydrates and partitioning was less than 10%, and that maximum starch concentration in needles generally occurred by 1300 h, remaining constant until sunset (data not shown). Foliage tissue was placed on dry ice immediately after removal, stored at -70°C until freeze-dried, ground and extracted with 80% ethanol at 80°C (Topa and Cheeseman 1992) . The supernatant was analyzed enzymatically for reducing sugars (glucose + fructose) and sucrose (Jones et al. 1977) . The same enzymatic analysis was used to determine tissue starch concentration after incubating the tissue pellet with amyloglucosidase for 24 h at 55°C. Total nonstructural carbohydrate (TNC) concentrations are the sum of reducing sugars (glucose and fructose), sucrose and starch concentrations. Starch, sugar and TNC concentrations are reported as glucose equivalents per gram dry mass of tissue.
Data analysis
Data were analyzed by a repeated measures analysis of variance with a split-plot design: fertilizer treatment was the main plot, provenance was the subplot, and families were nested within provenance. Between-and within-subject effects were tested at the 0.05 probability level. Trees in each family/block were treated as subsamples for both photosynthesis and carbohydrate data analyses. Fisher's protected least significant difference was used in mean comparisons when treatment and provenance interactions were not significant; or least square means were presented with Bonferroni adjustment where appropriate. Linear regression techniques were used to determine relationships between A max and g s , and between WUE and 13 C isotope discrimination. All analyses were performed with GLM SAS procedures (SAS Institute, Gary, NC) and differences were considered significant at P ≤ 0.05.
Results
Diurnal Anet
Overall, seasonal (P ≤ 0.0001) and diurnal (P ≤ 0.001) within-subject differences in A net were more pronounced than between-subject treatment or family effects (Figures 1 and 2) . Net photosynthesis of current-and previous-year foliage generally peaked early in the morning in July 1998 and 1999 and declined during the remainder of the day. In September through March, peak A net was maintained for a longer period of time each day, and often did not occur until mid-afternoon (e.g., November 1998 and 1999, Figures 1 and 2). Diurnal variation in A net was most pronounced in July 1998 and 1999, with needles exhibiting a 50-70% reduction from peak to minimum, compared with a 25-45% reduction during other months.
Fertilization significantly affected diurnal A net (P ≤ 0.05), but there were no family × treatment interactions. Fertilization increased A net in the mornings in July 1998, and in the afternoons in November 1999 (Figures 1 and 2 ). On most sampling dates, family had no significant effect on A net . Family differences in diurnal A net of current-year foliage were observed until just after midday in July 1999 (P ≤ 0.05, Figure 1 ). The fastest-growing family (ACP-1) had the highest A net during the morning, whereas the slowest-growing family (TX-2) had the lowest A net . Both Texas families had higher A net than the two TREE PHYSIOLOGY ONLINE at http://heronpublishing.com DIURNAL CHANGES IN GAS EXCHANGE OF LOBLOLLY PINE 491 Figure 1 . Effects of family and fertilization on diurnal changes in rates of net photosynthesis (A net ) in current-year foliage. An asterisk indicates that treatments differed significantly as determined by Fisher's protected least significant difference test (P ≤ 0.05).
ACP families around midday. In July 1999, there were significant treatment and family interactions in diurnal A net in previous-year foliage during the morning (Figure 2 ). Under control conditions, ACP families exhibited higher A net than Texas families during the morning, with ACP-1 and TX-2 exhibiting the highest and lowest rates, respectively (P ≤ 0.05). Under fertilized conditions, family differences were similar to control rankings during mid-morning. No family differences in A net of previous-year foliage were observed at other times of the day. Current-year foliage had higher A net than previous-year foliage (Figures 1 and 2 ), and differences between age classes were most pronounced in July 1999. On average, diurnal A net of current-year foliage was 24 and 56% higher than previousyear foliage in July 1998 and 1999, respectively. Differences in diurnal A net between July 1998 and 1999 were most likely a result of differences in rainfall.
Light-saturated maximum photosynthesis (Amax) and WUE
Overall, there were pronounced seasonal (P ≤ 0.0001) effects on A max , but no family or family × treatment interactions. There was no significant fertilizer effect (P ≤ 0.05) except in July 1998, when fertilized trees had over 35% higher A max than control trees (Figure 3 ). Family differences in A max were only apparent in July 1999, with family ACP-1 exhibiting the highest A max . Seasonal trends for A max were similar between families and treatments. Values of A max were highest in July 1998 and May 1999, and lowest in July 1999. Rates during late fall through spring were 40-50% lower than peak rates in July 1998 and May 1999. Values of A max were 21-37% higher in current-year foliage than in previous-year foliage in July and September 1998, and July 1999. In July 1998, mean A max for current-and previous-year foliage was 6.91 and 5.72 µmol m -2 s -1 , respectively; in July 1999, the corresponding rates were 3.28 and 2.39 µmol m -2 s -1 . There were no significant interactions between foliage age and treatment or family (P > 0.05).
Stomatal conductance (g s ) was significantly affected by season (P ≤ 0.0001) and fertilizer treatment (P ≤ 0.05, Figure 3 ), but not by family or family × treatment interaction (P > 0.05). Stomatal conductance followed similar seasonal, fertilizer and family trends as A max . However, Texas families exhibited higher g s than ACP families in July and September 1998, and fertilized trees exhibited higher g s than control trees in July and November 1998. In TX-1, g s accounted for over 60% of the variation in A max in both current-and previous-year foliage during July 1998, July 1999 and September 1999 (P ≤ 0.0001). However, the relationship between A max and g s was less consistent in the other families. The relationship between A max and g s was highest in July 1999 for families ACP-1, ACP-2 and TX-1 (r 2 > 0.634, P ≤ 0.0001), but lowest for family TX-2 (r 2 = 0.052). Previous-year foliage generally had higher regression coefficients of A max on g s than current-year foliage in July 1998 and 1999 (current-year foliage: y = 36.3x + 2.8, r 2 = 0.39, previous-year foliage: y = 53.4x + 2.0, r 2 = 0.52), whereas the opposite occurred in September 1998.
Because there were generally no significant differences in WUE i between treatments or among families, only WUE i for July and September of 1998 and 1999 are reported for direct comparison with the δ 13 C data (Table 1) . Current-year foliage had higher δ 13 C values than previous-year foliage in 1998 and 1999; however, a higher WUE in current-year foliage was not suggested by the gas exchange data. In 1999, δ 13 C values of expanding foliage were similar to those of current-year foliage. Fertilization had no effect on δ 13 C values or on WUE i in July and September of 1998 and 1999. Although the range of δ 13 C values among families was small, significant family differences were observed in September 1998 and 1999, with family TX-2 exhibiting the most negative δ 13 C values. Current-year foliage had a 20% higher leaf N concentration than previous-year foliage (Table 2 ). Fertilization increased leaf N concentration about 40-50% (P ≤ 0.05). There were no significant differences in leaf N concentration among the families (P ≤ 0.05).
Carbon partitioning in needles
We found no significant diurnal differences (P > 0.05) in absolute concentrations of starch, TNC, and sugars, and partitioning of TNC to starch and sugars in needles sampled at dawn and dusk on all sampling dates. Consequently, only data for the dawn sampling period are shown. Seasonal differences in needle concentrations of TNC, starch, reducing sugars and sucrose were highly significant (P ≤ 0.0001, Figure 4 ), as were the seasonal differences in partitioning of TNC to starch and soluble sugars (P ≤ 0.001, Figure 5 ). Family effects were significant for all TNC variables (P ≤ 0.029), whereas treatment effects were significant for all variables except reducing sugar and sucrose concentrations (P ≤ 0.05). The highest concentrations of TNC, starch and percent of TNC partitioned to starch (i.e., starch partitioning) were observed in May, whereas reducing sugar concentrations were highest in winter (November-March). The percent of TNC partitioned to reducing sugars peaked in late fall, with a minimum in May ( Figure 5 ). Reducing sugars were the dominant soluble sugars in needles, representing over 70% of soluble sugars. Consequently, seasonal patterns for soluble sugar concentrations mirrored those for reducing sugar (data not shown).
Fertilization generally decreased absolute concentrations of TNC and starch, and starch partitioning except during the winter (November-March), and increased the partitioning of TNC to reducing sugars from summer to early fall. The largest reductions in starch concentrations (40-75%) and starch partitioning (30-60%) occurred in July and September of both years. Family differences in starch and TNC concentrations and starch partitioning were significant on half of the sampling dates. In general, the two Texas families exhibited higher starch and TNC concentrations, and starch partitioning than the ACP families in May, July and September, which was accompanied by a decrease in partitioning to reducing sugars. In July and September, starch concentrations of the two Texas families were 2-3 times those of the ACP families.
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Figure 3. Effects of family and fertilization on maximum rates of photosynthesis (A max ) and stomatal conductance (g s ) of needles as they aged. An asterisk indicates that treatments differed significantly as determined by Fisher's protected least significant difference test (P ≤ 0.05). (Table 3) . However, starch partitioning did not differ between the two foliage classes except in September 1998. Similarly, there was no difference in partitioning of soluble sugars to reducing sugars between the two foliage classes in 1997.
Discussion
Genetic differences in gas exchange
We found little genetic variation in seasonal A max and diurnal A net among four families of loblolly pine during both a wet (1998) and dry (1999) year. Family differences in both foliage classes were evident only in July 1999 during a long drought (precipitation for January-July 1999 was 40% of the previous year). Photosynthetic data for July 1999 suggested a positive correlation between A max and tree height of the four families, i.e., ACP-1 > ACP-2 > TX-1 > TX-2, because mean tree heights for these families in 2000 were 361, 341, 344 and 316 cm, respectively, in control plots, and 595, 575, 567 and 546 cm, respectively, in fertilized plots (S. McKeand, North Caroline State Univ., unpublished data). However, mean 6-year volume ha -1 for the four families was 33.44, 29.32, 30.5 and 27.08 m 3 for ACP-1, ACP-2, TX-1 and TX-2, respectively, in the control plots, and 75.11, 65.66, 71.71 and 62.44 m 3 , respectively, in the fertilized plots. These data indicate that photosynthetic rate was more positively correlated with growth of the largest and smallest families (ACP-1 and TX-2, respectively), but not necessarily a good predictor of performance for families ACP-2 and TX-1.
Historically, in agronomic crops, the largest increases in yield have generally occurred as a result of genetic manipulation of light interception and increased allocation of photosynthate to the harvested organ (Gifford and Evans 1981) . Consequently, in loblolly pine, leaf area index (LAI), rather than photosynthetic rate, may be more positively correlated with tree growth (Bongarten and Teskey 1987 , Albaugh et al. 1998 , Vose and Allen 1988 . However, as with A net , LAI was more positively correlated with growth of the largest and smallest families, but was not necessarily a good predictor of performance for families exhibiting moderate growth. Leaf area indices for ACP-1, ACP-2, TX-1 and TX-2 were 0.78, 0.67, 0.59 and 0.53, respectively, for control trees, and 2.06, 1.74, 1.77 494 YANG, MURTHY, KING AND TOPA TREE PHYSIOLOGY VOLUME 22, 2002 and 1.70, respectively, for fertilized trees (Handest 2001) . Fertilization had little effect on diurnal A net or A max ; when significant, rates were slightly higher under fertilized conditions. However, A max was positively correlated with foliar N concentration r = 0.89, P < 0.001) (cf. Green and Mitchell 1992, Murthy et al. 1996) . Fertilization increased foliar N concentrations by 45 and 30% in 1998 and 1999, respectively, but the effect on A max was much less pronounced. The severe drought in 1999 reduced foliar N concentrations by 33%, most likely because of reductions in fine root system growth.
Measurements of A max in the same foliage cohort for two seasons indicated that photosynthetic rates were lowest in September through March, and highest in May and July when carbon demands from shoot growth were highest. In P. taeda, photosynthetic rates of previous-year foliage during winter through early summer may play a more critical role in supporting foliage and twig expansion during bud break than stored carbohydrates (Ellsworth 2000) . It has been estimated that previous-year needles comprise about half of the leaf area of mature P. taeda during the growing season, and have a 50% greater integrated carbon gain over the entire growing season than current-year needles (Kinerson et al. 1974) . The reduction in carbon gain potential of current-year foliage is associated with high rates of dark respiration that occur during the long needle expansion period (up to 4 months) in loblolly pine (Radoglou and Teskey 1997) . Low concentrations of TNC, sugar and starch in current-year foliage (Table 3) indicate that their metabolic carbon demands are higher than previous-year foliage, enough to alter partitioning to storage carbon. Higher photosynthetic rates in current-year foliage than in previousyear foliage (cf. Murthy et al. 1997 , Ellsworth 2000 could be a function of the higher metabolic demands of this tissue and close non-photosynthesizing carbon sinks (Chung and Barnes TREE PHYSIOLOGY ONLINE at http://heronpublishing.com DIURNAL CHANGES IN GAS EXCHANGE OF LOBLOLLY PINE 495 Figure 5 . Effects of family and fertilization on carbohydrate partitioning of needles as they aged. Because there was no significant diurnal effect on carbohydrate concentration (P > 0.05), only data for needles sampled at dawn are presented. May 1999 data are for current-year foliage. An asterisk indicates that treatments differed significantly as determined by Fisher's protected least significant difference test (P ≤ 0.05). 1980, Myers et al. 1999) , less potential shading from other foliage and higher N concentrations. Carbon isotopic analysis of foliage is a powerful tool for providing estimates of long-term WUE Richards 1984, Farquhar et al. 1989 ). The δ 13 C of foliage is an integrated measurement of plant physiological processes and environmental properties influencing gas exchange during the entire growing season. Differences in δ 13 C, but not WUE i , among families may partially be a function of strong seasonal changes in A max , g s , transpiration rate and WUE. Carbon isotope discrimination integrates c i /c a throughout the year; consequently, like height or biomass, it reflects the integration of these instantaneous measures with environmental conditions. Previous studies with several tree species have observed a stronger correlation between WUE (measured by carbon isotope discrimination) and growth than between A net and growth (e.g., Zhang et al. 1994 , Major and Johnsen 1996 , but see Li 2000 . Because changes in c i /c a are a function of photosynthetic capacity or g s , or both, growth of individual plants may be positively or negatively correlated with leaf δ 13 C depending on whether the variation in discrimination is associated with changes in photosynthetic capacity or stomatal conductance (Farquhar et al. 1989 ). In our study, the positive correlation with δ 13 C and growth suggests that family differences in photosynthetic capacity were the primary cause of variation in δ 13 C. Because current-year needles tend to be more sensitive to drought than previous-year needles (Ellsworth 2000) , the presence of older foliage classes during summer may supplement carbon demands of younger foliage during drought. However, we found no difference in WUE i between foliage age classes (Table 1) . Furthermore, the more negative δ 13 C values in previous-year foliage indicate a lower WUE than in current-year foliage, particularly during the 1999 drought (Table 3). Although needles were collected from upper-canopy branches exposed to full sunlight, variation in δ 13 C between needle classes could be a function of variation in solar irradiance (Farquhar et al. 1989) .
Despite the small range of δ 13 C values among the four families, differences were statistically significant and generally mirrored the trend in WUE i , and to some extent, growth of the four families. The drought-hardy TX-2 was the slowest growing of the four families and generally exhibited the lowest WUE i and δ 13 C of any family during 1998 and 1999. In contrast, the faster-growing ACP-1 family had higher WUE i and δ 13 C during both years. Compared with 1998, all families exhibited higher WUE i and δ 13 C in 1999 because of the drought. Carbon isotope analysis was a good predictor of growth for the fastest-and slowest-growing families, but not for the two families exhibiting moderate growth (ACP-2 and TX-1). A stronger correlation might exist if all 10 families at the Scotland County site were examined.
Carbon partitioning in needles
Genetic differences in net carbon gain in trees could be a function not only of differences in photosynthetic rate and total leaf area available for carbon fixation, but also of differences in respiration rate and immediate metabolic demands of leaf tissue, including partitioning to storage carbon. Starch accumulation in foliage occurs when carbon supply exceeds leaf metabolic demands and carbon export from source leaves. In loblolly pine, starch accumulation in needles is negatively correlated with needle respiration (Kuehny and Topa 1998) . Loblolly pine needles exhibited pronounced seasonal changes in absolute concentrations of TNC, starch, sugars, and in partitioning of TNC to starch and sugars, mirroring seasonal changes in photosynthesis and shoot and root growth. Concentrations of TNC and starch in previous-year foliage were highest in May during spring foliage expansion and peak photosynthesis, whereas starch concentrations were low in winter. Seasonal peaks in needle starch in the spring near bud break have been reported for loblolly and slash (Pinus elliottii Engelm.) pines (Adams et al. 1986 , Cranswick et al. 1987 , Gholz and Cropper 1991 . High starch concentrations in previous-year foliage are most likely a function of high photosynthetic rates and reduced carbon demands of expanding foliage as their photosynthetic apparatus becomes functional and respiratory demands decrease (Radoglou and Teskey 1997) . Gholz and Cropper (1991) found little seasonal variation in sugar concentrations in slash pine needles. We found significant seasonal differences in foliar soluble sugar concentrations (sucrose and reducing sugars), but the seasonal differences were not as pronounced as those for starch. Unlike seedling studies with loblolly and pond pines (Pinus serotina Michx.) Cheeseman 1992, Kuehny and Topa 1998) , sucrose was not the predominant sugar in needles, and reducing sugars represented over 70% of soluble sugars in loblolly pine needles. Whole-leaf sucrose concentrations generally reflect vacuolar storage because the pool available for transport is small, mobile and continuously balanced by the vacuolar pool (Wardlaw 1990) . Reducing sugars are more reflective of immediate metabolic demands of tissues and, as such, exhibit high turnover.
Seasonal peaks in TNC and starch concentrations generally followed those of photosynthesis. The absence of diurnal changes in leaf starch concomitant with pronounced diurnal patterns in A net indicates that diurnal changes in A net are independent of chloroplastic starch concentrations, and would argue against feedback inhibition of photosynthesis by chloroplastic starch. The lack of diurnal effects on foliar starch concentrations and starch partitioning is surprising given the strong diurnal pattern in A net in loblolly pine, and evidence for coordinated diurnal partitioning of newly fixed carbon to starch and sucrose in herbaceous species (e.g., Fondy and Geiger 1985 , Fondy et al. 1989 , Servaites et al. 1989a , 1989b , Li et al. 1992 ) and in seedlings of some woody species (Topa and Cheeseman 1992 , Wullschleger et al. 1992 ). However, diurnal starch accumulation (i.e., dusk-dawn) in loblolly pine may be more pronounced in seedlings because of a higher dependency on recently assimilated carbon compared with older trees (Vogt et al. 1993) .
Although fertilization had little effect on A net , it reduced TNC concentrations and starch partitioning throughout most of the growing season. Texas families exhibited higher concentrations of TNC and starch, and starch partitioning. Lower TNC and starch concentrations may be a dilution effect as a result of fast growth, a reflection of enhanced metabolic demands of leaves, or the result of increased export of sucrose out of leaves. If sugar concentrations are not similarly altered, partitioning of recently assimilated carbon to sugars may be maintained at the expense of starch. Field studies with P. taeda (Adams et al. 1986 ) and P. elliottii (Gholz and Cropper 1991) indicated minimal effects of fertilization on foliar starch and sugar concentrations, but marked differences attributable to needle age. Previous-year foliage consistently exhibited higher concentrations of TNC, starch and soluble sugars than current-year foliage (Table 3) .
Conclusion
In field-grown loblolly pine, diurnal and seasonal effects on photosynthesis were more pronounced than family or treatment effects. However, family differences might be more pronounced under the consistent severe drought conditions that are experienced by Texas loblolly pine trees in their natural habitat. Although loblolly pine from the "Lost Pines" region in Texas is known for its drought hardiness, Texas families exhibited lower water-use efficiencies than the more mesic ACP families. Carbohydrate analysis of foliage indicated some family and treatment differences in partitioning of recently assimilated carbon, with the two Texas families exhibiting higher concentrations of TNC and starch, and enhanced partitioning toward storage carbon than the ACP families. We conclude that growth differences among the four families of loblolly pine are not a function of differences in carbon acquisition or partitioning at the leaf level. Ongoing research at the Scotland County site suggests that the growth differences may be closely associated with light interception, i.e., LAI (Handest 2001) , and with genetic differences in whole-tree carbon allocation, in particular, fine root system carbon demands (Retzlaff 2001) .
